Electrochemical voltametric scans and slow-strain rate tests have been used to characterize the stress corrosion cracking behavior of carbon steel in diethanolamine (DEA) and monoethanolamine (MEA) solutions.
Introduction
The occurrence of stresscorrosion cracking of mild steel in hot potassium carbonate/bicarbonate solutions in practice has been described in the literature1)-3). Laboratory studies have confirmed this phenomenon and provided reasonable rationalization of the cause and probable mechanism4)-7).
More recently the occurrence of stress corrosion cracking was also reported in non-stress relieved welds in aqueous monoethanolamine3)9) (MEA) solutions used in acid gas (C02 and/or H2S) treating facilities. Laboratory studies were carried out by several investigators in an effort to gain an understanding of the cause and probable mechanism of stress corrosion cracking in MEA solutions and more generally aminoalcohols.
Gutzeit and Johnson9) using slow-strain-rate (SSR) tests at various potentials were able to induce cracking in lean MEA solutions containing an unspecified corrosion inhibitor, but they report that cracking occurred to a lesser degree in the absence of the inhibitor.
Parkins and Foroulis, were able to simulate the stress corrosion cracking by MEA solutions in the laboratory and concluded that this phenomenon is probably another form of the C032-/HC03-cracking10). However, questions are raised by the results of Lenhart et al.11) regarding the above interpretation which assumes that the amine plays no role other than to provide C032-/HC03-ions in the presence of dissolved C02. These investigators were unable to produce stress corrosion cracking of carbon steel in 20% diethanolamine (DEA) solutions using slow-strain-rate (SSR) tests.
To get a better understanding of the role of DEA and MEA on the stress corrosion cracking behavior of mild steel, a laboratory program was therefore undertaken to study the SCC of carbon steel in DEA and MEA solutions with and without the absorption of C02. The investigation involved a combination of electrochemical voltametric studies and slow-strain-rate (SSR) tests at the free corrosion potential and at various controlled potentials.
This report summarizes the results of this study and provides further insight on the mechanism of SCC of mild steel in aminoalcohols solutions.
Experimental approach The experimental
technique used was the slow-strain-rate test in which smooth tensile specimens are strained to failure at a fixed rate in the environment of interest.
The test solution was maintained in a cylindrical teflon cell of one liter capacity which fitted on and around the test rod via a water tight seal. The cell has a closed teflon lid equipped with suitable openings for introduction and outflow of purge gas (N2 or C02), a platinum counter electrode, a bridge connected to an external saturated calomel electrode, a reflux condenser and a thermocouple for temperature control. Heating was achieved with an external heating mantle, and the test temperature was controlled to +2C. Electrochemical voltametric studies using carbon steel electrodes in the various test solutions were carried out in the active and passive potential range in order to define the electrochemical behavior of mild steel in the aminoalcohol solutions.
Slow-strain-rate (SSR) tests were carried out both at the free corrosion potential and at various controlled potentials, which electrochemical voltametric studies have defined as areas of maximum anodic electrochemical reactivity. The design of electrodes and cell design used for the voltametric polarization studies was described previously12)
In slow-strain-rate tests carried out at the free corrosion potential, the potential was monitored continuously.
In tests carried out at constant potential, the potential was controlled by means of a potentiostat.
The stress corrosion test specimens were prepared from cold drawn carbon steel (AISI 1018) rods 0.63 cm diameter. The rods were out into 33 cm long pieces and machined into tensile specimens having a gage diameter of 0.25 cm and a gage length of 1.27 cm. After machining, the specimens were used without any further heat treatment.
Prior to running the tests, the specimens were surfac polished with 600 grit SiC paper, rinsed with water and finally degreased with acetone.
SSR tests were carried out in solutions of 25 wto and 43 wto diethanolamine (DEA) in water at 99C.
In addition, several tests were also carried out with a 25 wto monoethanolamine (MEA) solution. Most of the tests were carried out with 43o DEA solution which repesents an equal molar concentration of the 25 wto MEA. Tests were run both with solutions saturated with nitrogen and solutions saturated with C02 at test temperature and atmospheric pressure. Several tests were also run in an inert parafinic base turbine oil (Tereso 32, product of Exxon Corporation) to simulate the ductile fracture expected in a non-aggressive environment.
Tests were carried out at strain rates in the range 2 x 10.7 to 4 x 10.6 sec-1. These strain rates were selected because experience in this and other laboratories indicated that stress corrosion cracking of carbon steel generally occurs at strain rates between about 10.5 to 10.7 sec-1.
The fracture and side surfaces of all specimens tested were examined with an optical and a scanning electron microscope (SEM) following cathodic cleaning of the specimens using a proprietary alkaline solution (Endox 214). In addition, metallographic examination of longitudinal sections through the fractured test pieces was also carried out for evidence of side cracks.
The assessment of the results was carried out in terms of the nature of fracture (micro-void coalescence vs. multiple cracking with intergranular or transgranular facets), morphology of side cracks, percent reduction in area, percent elongation, time to failure and maximum nominal stress calculated on the basis of the original cross section area. Average crack propagation rates were determined from the deepest crack measured on the final fracture surface.
Results and discussion
As shown previously by several investigations4)-7),10) the SCC behavior of mild steel in alkaline media such as carbonate/bicarbonate solutions and aqueous MEA is likely to occur only in a restricted range of electrochemical potential.
To define the potential range for possible SCC tendency in aqueous DEA and MEA solutions, both N2 and C02 sat'd, anodic voltametric scans were run.
Typical anodic curves depicting the anodic scans in (N2 sat'd) solution and (C02 sat'd) solution are shown schematically in Figure 1 for 43o DEA solution. A speed of about 50 my/min was used. Figure  1 shows that in C02 sat'd solutions the potential zone of maximum anodic electrochemical reactivity lies between -0.8 to -0.6 V (SCE). In N2 sat'd solution the potential range for maximum anodic reactivity is somewhat shifted to lower potential. The maximum anodic current density within the potential zone of electrochemical reactivity is about 8 x 10 A/cm2 for the C02 sat'd solution which is considerably higher than the 8x10-4 A/cm2 for the N2 sat'd solution.
Several tests were also run in this study using 25 wto MEA solution so that a comparison could be made with a DEA solution of equivalent molar concentrations.
The results of several voltametric scans of carbon steel electrodes in 25 wto MEA solutions both N2 sat'd and C02 sat'd at 99C at atmospheric pressure are shown in Figure 2 in which the results of voltametric seams with equivalent molar concentrations of 43o DEA are also included. Curve (C) shows voltametric scan in 25o MEA solution saturated in C02 and curve (D) shows the scan in N2 sat'd MEA solution.
Comparison of the MEA and DEA voltametric scans shows that the MEA solution exhibits higher electrochemical reactivity within the active potential loop than an equivalent molar concentration DEA solution. Furthermore, in both MEA and DEA solutions the reactivity whthin the active potential loop is much more pronounced when the solution is saturated with C02 than when saturated with nitrogen.
For the same amine solution, MEA or DEA, the much weaker electrochemical reactivity in the active potential loop when the solution is N2 sat'd is attributed to much higher solution pH (about 11.4 for 43% DEA and 12.2 for 25% MEA) which tends to promote spontaneous pas- These potentials corrected for the effect of temperature, are near the thermodynamic equilibrium potentials corresponding to formation of Fe304 surface films13).
Several slow-strain-rate tests were carried out primarily with DEA solutions saturated with C02 (1 Atm) at 99C at the free corrosion potential and at various strain rates. In addition, a test was also carried out with N2 sat'd solution at the free corrosion potential.
A further series of tests was carried out with the potential controlled in the potential zone of -0.8 to -0.6 V (SCE) which the electrochemical scans indicate as a potential zone of maximum anodic reactivity.
Several tests were also carried out at higher potentials which lie within the zone of lower electrochemical reactivity and passivation. In addition, tests were also run in an inert oil, Tereso 32, for comparison. Most of the tests were run with a 43o DEA solution which is an equal molar concentration to 250 MEA solution. However, one test was also run with 25% DEA solution which exhibited similar behavior.
The results of these tests are summarized in Table 1 . In test 6D which was run at the free corrosion potential the solution was purged with N2 prior to and during the test.
This test exhibited a purely ductile failure with no evidence of secondary cracking. This is not surprising since the solution pH was about 11.4 which tends to cause the spontaneous passivation of the steel surface at the free corrosion potential -0.40 V (SCE), which lies within the passive potential region.
Tests SD and 10D to 14D were carried out at the free corrosion potential in C02 sat'd solutions at different strain rates. With the exception of test 13D, all tests exhibited a ductile fracture with no secondary cracking.
In these tests the free corrosion potential was about -0.83 to -0.84 V which is slightly outside the potential zone for maximum electrochemical reactivity and thus the lack of clear evidence of cracking is understandable.
In test 13D the free corrosion potential during the test drifted to a value of about -0.64 V which lies within the zone of maximum anodic reactivity.
It is not known why in the case of test 13D the Eerr drifted within the SCC potential range whereas in the case of tests SD, 11D, 12D and 14D the corrosion potentil remained outside the SCC range. However, it is possible to speculate that this may be related to a combination of the degree of solution saturation with C02 and the strain rate used in this experiment. SEM examination of the fracture and side surfaces indicated the presence of transgranular cracks.
To explore the tendency for SCC within the potential zone of maximum electrochemical reactivity, several tests were carried out at a controlled potential and two different strain rates. At the strain rate of 2.8x10-6 only test 2D, which was run at -0.6 V, showed evidence of small transgranular cracks.
Tests run a -0.9, -0.8, -0.5, -0.4, -0.2 and +0.4V
exhibited no evidence of cracking with the fracture being purely ductile.
To better establish the cracking tendency within the potential zone of maximum reactivity (-0.8 to -0.6 V (SCE)), tests 28D and 29D were run at a lower strain rate of 3 x 10-7. Both tests exhibited strong evidence of transgranular cracking; secondary cracks were also evident in the neckdown area. Figure 3 shows an SEM microphotograph of the transgranular crack at the fracture surface of a Table 2 Slow
sat'd and in an inert oil (Tereso 32).
NC=No cracking.
specimen tested at -0.7 V (Test 28D). Figure  4 shows in cross section the appearance of transgranular cracks in the neckdown area in specimen of test 31D.
From the foregoing discussion it is clear that within the potential zone (>-0.8 to -0.6 V) of maximum electrochemical reactivity in C02 sat'd DEA solution, carbon steel is susceptible to stress corrosion cracking.
At potentials of -0.5 V and higher the steel surface remains passive and stress corrosion cracking tendency was not observed. Likewise at potentials lower than -0.8 V the anodic electrochemical reactivity is less pronounced and the tendency to SCC is negligible. Table 1 also includes data on several parameters obtained from the SSR tests such as time to failure, percent reduction in area at fracture (RA), percent elongation, and RA/RA inert oil, which is the ratio of the percent reduction in area in test solution to that in inert oil.
These parameters can also be used as a cooperative assessment of the ability of an environment to induce cracking.
However, they are generally more useful in hydrogen induced cracking which is accompanied by considerable reduction in ductility.
These parameters are generally less important by themselves as a diagnostic tool of stress corrosion cracking due to anodic dissolution as can be seen by comparing the data in Table 1 which show that the small reduction in ductility observed is not consistently related to SCC. This is not surprising since these parameters are probably markedly affected by the juxtaposition of cracks where multiple cracking occurs. Table 2 shows a summary of SSR test data obtained in 25% MEA N2 sat'd at 99C in which some data obtained in an inert oil (Tereso 32) are also included. The data show that mild steel in 25% MEA solution N2 sat'd at the free corrosion potential as well as at controlled potentials within the potential range of maximum electrochemical reactivity at E=-0.6V (SCE) and -0.8 V (SCE) did not show evidence of stress corrosion cracking. Table 3 shows a summary of SSR test data in C02 sat'd 25% MEA solution, at both the free corrosion potential and at electrochemical potential controlled within the active and passive potential regions. The data show that within the potential range -0.6 to -0.8 V (SCE) intergranular cracking was observed. At even lower potential of -0.9 V both transgranular and intergranular cracking was noted. At potentials in the range -0.5 to +0.6 V (SCE) no cracking was observed. At the free corrosion potential, cracking was found only when considerable concentration of C02 was absorbed by room temperature presaturation (test 1G RR).
The data in Table 3 also shows that two of the three specimens tested in the potential region However, where as in the case of MEA a strain rate of 2.8 x 10-1 was adequate to cause cracking in this potential range, in the case of DEA solutions a much lower strain rate of about 3 x 10-7 was required to consistently produce cracks. In addition the cracks observed in DEA solutions were transgranular whereas in the case of MEA solution in this potential range, the cracks were intergranular.
A tendency for transgranular cracking in MEA solutions was only observed at lower potentials (<-0.8 V). These differences in cracking behavior of MEA and DEA solutions suggest that the nature of the aminoalcohol molecule maybe of some significance in the SCC processes.
The evidence presented thus far indicates that in the potential region of about -0.8 to -0.6V (SCE) carbon steel is susceptible to stress corrosion cracking in CO, saturated MEA and DEA solution.
In addition, the polarization data also indicate that carbon steel is subjected to active dissolution in the potential range of about -0.8 to -0.70 V (SCE) and to an active-passive transition (probably leading to formation of Fe3O4 surface film) in the approximate potential range of -0.7 to -0.6V (SCE). Assuming that the polarization curves correspond to near quasiequilibrium conditions given the relatively low polarization speed used it can be therefore concluded that SCC was observed both within the active-passive potential zone (about -0.7 to -0.6 V) as well as within the active zone (about -0.8 to -0.7V).
A plausible explanation of these observations is discussed in subsequent paragraphs.
To gain a more quantitative measure of the propensity for cracking of these solutions, an estimate of the average crack propagation rate at the potential of maximum electrochemical reactivity was made from the deepest cracks measured on the final fracture surface in the case of 43% DEA and 25% MEA sat'd with CO2 at 99C.
The crack velocity was estimated to be about 2.4 x 10-7 mm/sec in the DEA solution and about 1 x 10-6 mm/sec in the equivalent molar concentration MEA solution.
The above crack propagation rates are lower than the crack growth rate in 28% K2CO3 solutions sat'd with CO, which was found to be about 3x10-6mm/ sec in the same potential range6),7).
The ratio of measured crack growth rates of about 4.2 in equal molar MEA and DEA solutions compares reasonably well with the ratio of the maximum critical current densities for passivity of about 5 estimated from the data shown in Figure 2 for MEA and DEA solutions respectively (curves A and C). This agreement could be considered as a reasonable confirmation that the mechanism of cracking within the active potential region involves an anodic dissolution mechanism.
General discussion
The kinetics of anodic dissolution of iron in the active potential loop in carbonate/bicarbonate solutions which have been reported previously14,15) are of some significance in interpreting the SCC behavior of carbon steel in MEA and DEA solutions. Of particular significance in this regard are the findings by Davies and Burnstein14) that in the potential region corresponding up to the anodic current peak, bicarbonate ions participate in the active dissolution process which increase the iron dissolution rate via formation of soluble Fe(CO3)22-species. The probable reaction sequence is give by Eq-[1]- [3] .
Fe-1-H20-Fe(OH)2(S)+2H++2e [1] Fe(OH)2(S)+HC03- Tables  1 to 3 and Figure 2 in the present report with that in CO2 sat'd K2CO3 solutions reported elsewhere6),7) indicates several pronounced similarities and also some differences.
The similarities relate to the fact that in all instances carbon steel is susceptible to cracking in these solutions only when the solutions are saturated with CO2, which undoubtedly produces HCO3-, and remains immune to stress cracking in the absence of CO2. Another important similarity involves the fact that the three solutions considered, namely CO2 saturated solutions of MEA, DEA and K2CO3, exhibit pronounced anodic electrochemical reactivity and stress corrosion cracking tendency within the same potential range of about -0.8 to -0.6 V (SCE). There are some significant differences however in regards to the electrochemical reactivity and stress corrosion cracking behavior of carbon steel in these solutions that need to be considered.
The differences include, the lower electrochemical reactivity of CO2 sat'd solutions of DEA in comparison with MEA solutions of essentially the same solution pH (Figure 2 ) and the lower crack propagation rates estimated in the case of DEA solutions as compared to MEA and K2CO3 solutions within the potential zone (-0.8 to -0.6 V) of maximum cracking propensity.
Another important difference is in crack morphology.
In the case of K2CO36),7) and MEA solutions ( Figure 5, 6 ) cracking is predominantly intergranular, whereas in DEA solutions only transgranular cracks were observed ( Figure 3, 4) and in this instance slower strain rates were required during testing to consistently produce cracking.
In nitrogen sat'd MEA and DEA solutions the low electrochemical reactivity and negligible cracking tendency in the potential range -0.8 to -0.6 V (SCE) is attributed to the high pH (11.5-12. 2) of these solutions and the absence of HCO3-or other surface active anions which could accelerate the dissolution process.
The slightly higher anodic current density observed within the active potential loop in the case of MEA solution as compared to DEA (Curves B and D) in Figure 2 indicates a slightly lower reactivity in the case of DEA solution.
The exact cause of this effect is not known. However, since in this pH range aminoalcohols are likely to exist predominantly as neutral molecules it is reasonable to assume that the observed difference in reactivity is caused by differences in chemisorption tendencies of these molecules on the metal surface which are likely to slow down the rate of metal dissolution. Diethanolamine as a secondary aminoalcohol is likely to have a stronger tendency, than MEA which is a primary aminoalcohol, for chemisorption, via the N atom on the iron surface.
In the case of CO2 sat'd MEA and DEA solutions the cause of the higher electrochemical reactivity and strong tendency for cracking in the potential range of -0.8 to -0.6 V (SEC) is not completely understood. There is little doubt that the presence of HCO3-which is produced by saturating these solutions with CO2 contributes to the higher electrochemical reactivity and cracking tendency observed in these solutions as compared to the nitrogen saturated solutions.
In this regard, the SCC in these solutions can be regarded as a case of bicarbonate cracking as proposed earlier by Parkins and Foroulis10).
The overlaying of potential zones for maximum reactivity and SCC tendency of CO2 sat'd solutions of MEA and DEA with that of CO2 sat'd K2CO3 solution, provides support for this interpretation.
Added support for this mechanism is also emanating from observations which indicate the presence of the familiar10) black-gray surface films of Fe3O4/ FeCO3 on test specimens which were subject to stress corrosion cracking.
To explain the difference in electrochemical and SCC reactivity between CO2 sat'd MEA and DEA solutions, it is postulated that the reactivity differences is due at least in part to differences in chemical behavior of MEA and DEA solutions when saturated with CO2 which are likely to result in different bicarborate anion concentrations.
Diethanolamine solutions are known to be less efficient for the absorption of CO2 than monoethanolamine solutions. Data by Shneerson and Leibush16) clearly shows that the absorption coefficients KG(a) for CO2 obtained under the same conditions and in the same apparatus in MEA solutions are about 2 to 21/2 times greater than these for DEA solutions. From CO2 vaporliquid equilibrium data over MEA and DEA solutions, the equilibrium concentration of CO2 at atmospheric pressure and 100C is estimated at 0.5 mole of CO2 per mole of MEA vs. about 0.32 mole of CO2 per mole of equal molar concentration of DEA. Assuming that all of the absorbed CO2 is converted to bicarbonate ions at equilibrium, this then would indicate an overall higher concentration of HCO3-anions in the MEA vs, a DEA solution of equivalent molar concentration.
Higher concentration of HCO3-would then explain the higher SCC tendency and electrochemical reactivity of CO2 sat'd MEA vs. DEA solutions.
Other factors, such as absorption of MEA, DEA molecules or carbonate anions (which are formed as intermediates in the reaction of CO2 with aminoalcohols) on the iron surface which may substantially influence the electrochemical behavior and dissolution kinetics of iron are possible but probably not as pronounced. The above rationalization of the apparent differences between CO2 sat'd MEA and DEA solutions as far as electrochemical reactivity and SCC tendency is considered as tentative and will need to be further re-examined as new experimental data become available.
Environments which promote intergranular stress corrosion cracking of mild steel such as C032/COSH, NO3-, OH-, etc., have also been reported14),17) to produce structurally dependent attack frequently in the form of intergranular corrosion of varying intensity in unstressed specimens and generally only within the potential range in which they promote stress corrosion cracking. A likely explanation why intergranular stress corrosion cracking, by a dissolution mechanism such as the one observed in the case of CO2 sat'd MEA solutions, progresses along grain boundaries is probably related to chemical impurity segregation at grain boundaries.
This explanation has been advanced previously18) and is supported by several experimental observations19),20). However, other explanations are possible for the higher reactivity of grain boundary regions. Such explanations are based on the higher degree of lattice imperfections such as dislocations, vacancies, etc., occuring in grain boundaries, which are likely to be energetically and kinetically preferred sides of anodic metal dissolution.
The observed change of the cracking morphology from intergranular to transgranular in CO2 sat'd MEA solutions at lower potentials (Table 3) is consistent with previous reports in both MEA solution10) and in bicarbonate solutions4) in which a transition from intergranular to transgranular cracking tendency was observed by lowering the potential to a less reactive potential region.
One important difference between MEA and DEA SCC behavior remains the apparent variance in crack morphology between MEA solutions (predominantly intergranular) and DEA solutions in which only transgranular cracks were detected throughout the SCC potential region (-0.8 to -0.6 V (SCE). The reason for this change in crack morphology with the nature of the aminoalcohol is not known. It is possible to speculate that chemisorption of DEA molecules on the steel surface may have rendered inoperative preexisting active paths, e.g. grain boundaries, on the steel surface which tend to promote intergranular cracking. Under such conditions stress corrosion cracking is likely to initiate in strain generated active paths which are likely to be produced by film rupture and slip step emergence on the metal surface thus providing the circumstances for transgranWar cracking.
Intergranular cracking resulting from the ingress of hydrogen into the steel (HIC) as a possible mechanism to explain the transgranular morphology of the cracks in DEA solutions is considered not likely because the potential range -0.8 to -0.6 V (SCE) where cracking was observed is, outside the potential zone of hydrogen evolution.
It seems therefore more likely that the mechanism of transgranular cracking observed in DEA solutions is one related to localized dissolution with the crack tip region being active while the crack surfaces and other metal surfaces remain relatively passive.
